ERMANENT occlusion of the ICA is a recognized treatment for certain intracranial aneurysms when there is adequate collateral cerebral circulation. 24 Temporary occlusion of the ICA during a BOT can be used to evaluate the adequacy of the collateral circulation in a situation in which potential ischemia is reversible. The BOT can be performed with a neurological evaluation and may include provocative hypotension to challenge the limits of perfusion ipsilateral to the ICA occlusion. 8, 29 Other means of determining the adequacy of tissue perfusion during a BOT include electroencephalography, stump pressure, near-infrared spectroscopy, transcranial Doppler ultrasonography, 99m Tc-HMPAO SPECT, PET, and stable Xe-CT. 11, 15, 19, 20, 31 The BOT may carry significant risks for patients who are most susceptible to ischemia due to an inadequate collateral circulation. It has been suggested that patients who experience a 25% or greater decrease in CBF ipsilateral to the side of the BOT have an unacceptable risk for ischemic injury.
eling results, enhanced by measurements made on phasecontrast MR angiograms, with the current evaluation of BOT, which includes a hypotensive challenge and a SPECT evaluation.
Clinical Material and Methods
During an 18-month period at the Department of Neurosurgery at the University of Illinois in Chicago, 16 patients underwent BOT. Before the test, selected arterial brain flows were determined using phase-contrast MR angiography, a baseline determination of cerebral perfusion (using 99 Tc-HMPAO SPECT) was performed in each patient in the awake state, and a DS angiogram of brain circulation was obtained. The medical records of these patients were examined retrospectively for this publication.
Ten patients tolerated balloon occlusion well and were considered to have passed the test; six patients did not tolerate balloon occlusion well and were considered to have failed the test. Phase-contrast MR angiography flow studies were performed in all 16 patients at baseline, and sector model simulations of the cerebral circulation were made using these baseline results (see later description). Of the 10 patients who passed the BOT, five underwent a permanent occlusion of one of their ICAs and phase-contrast MR angiography was performed for follow-up studies. Five patients who did not choose to undergo permanent occlusion of their ICAs were treated in other ways. The baseline sector model for the five patients who did well during the BOT was used to simulate the ICA occlusion. These simulation results were then compared with data obtained from followup phase-contrast MR angiograms to determine the ability of the sector model to act in place of the BOT. The idea was if simulation flow data correlated well with clinical data and outcomes, the case could be made for a substitution of the computer simulation for the BOT and the elimination of the risk associated with the BOT.
Cerebral Circulation Sector Model
The behavior of the cerebral arterial network with its pulsatile flow occurring in compliant arteries is mimicked using a computer algorithm for unsteady flow in a network of elastic vessels. The primary vessels of the cerebral macrovasculature are included in the network along with a skeleton of vessels, which together represent the systemic vasculature ( Fig. 1 left) . The details of this model are provided in the Appendix. To limit the duration of MR imaging and the number of flows to be determined for the patient, a sector model of the cerebral circulation was devised in which all terminal vessels in any sector were melded into one terminal vessel. Seven such sectors are shown in Fig. 1 right along with the primary and secondary flow inlets and/ or outlets as well as the terminal efferent for each sector. To determine this one terminal resistance, it is necessary to be able to define flow into and/or out of the sector. The details of this sector model are provided in the Appendix. The sector model is used to calculate both the baseline and BOT results.
Digital Subtraction Angiography
Four-vessel (both ICAs and VAs) injection and aortic arch injection angiograms were performed. Two coins were placed on the patient's head, one on the front and another on the side. The DS angiograms obtained during the arterial phase were selected and transferred to an OCTANE work- station (Silicon Graphics, Inc., Mountain View, CA) via Digital Imaging and Communications in Medicine (Rosslyn, VA) after the study. Each DS angiogram was calibrated using the coin whose diameter was known to be 19 mm. Average diameters of major arteries in the cerebral circulation were measured using a computer interface developed by our Computer-Assisted NeuroVascular Analysis and Simulation group. 26 
Phase-Contrast MR Angiography
In this study we used a 1.5-tesla MR imager (General Electric Medical Systems, Milwaukee, WI). Axial time-offlight MR angiography with zero interspacing (TR 33 msec; TE 4.9 msec; flip angle 60˚; number of excitations two; field of view 16 cm; image matrix 256 ϫ 128; slice thickness 1 mm) was performed to select a slice orientation for the arterial blood flow measurement. A three-dimensional surface rendering of the vasculature, including the circle of Willis, was generated using a marching cube algorithm.
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A double-oblique cine phase-contrast MR angiography sequence was oriented perpendicular to major brain arteries by using a three-dimensional localizer. 33 Phase difference was used for flow quantification with the following imaging parameters: TR 33 msec; TE minimum; flip angle 30˚; number of excitations 32; slice thickness 5 mm for ICAs, VAs, and the BA, and 4 mm for MCAs and ACAs; and velocity encoding, 100 cm/second for ICAs, VAs, and the BA; and 70 cm/second for MCAs and ACAs.
Blood flow in the following 11 major brain arteries was required for computer modeling and was determined using phase-contrast MR angiography: left and right CCAs, ICAs, MCAs, ACAs, VAs, and the BA. A flow report (Fig. 2) for each vessel was generated using commercially available software (NOVA; VasSol, Inc., Chicago, IL). The mean volumetric flows (milliliters/minute) for these arteries were calculated. Imaging time for each patient was approximately 45 minutes.
Balloon Occlusion Test
At our institution, the risk of stroke from permanent ICA occlusion is evaluated by performing a temporary balloon occlusion of the ICA for 15 minutes with continuous neurological and electroencephalographic examinations. 29 For those patients who tolerate this initial procedure, an additional hypotensive challenge is induced over a 15-minute period by using an intravenous infusion of sodium nitroprusside to decrease MABP gradually 20 to 30% from baseline levels. If the patient maintains a normal neurological status during this phase of testing, an intravenous injection of 99m Tc-HMPAO is performed during the hypotensive phase. After removal of the catheter and stabilization of the patient, and within 2 hours of the 99m Tc-HMPAO injections, SPECT imaging is performed.
The SPECT images were analyzed visually and semiquantitatively by a neuroradiologist for asymmetrical distribution of the tracer and hypoperfusion ipsilateral to the site of the BOT. Each region of interest within each hemisphere contained 55 to 60 pixels. The mean tracer counts were compared with those in the contralateral hemisphere and with counts in the ipsilateral region before the BOT was performed with induced hypotension. A significant decrease in perfusion or asymmetrical perfusion in the hemisphere ipsilateral to ICA occlusion constituted a failed BOT.
We have adopted this strict definition of failure in the BOT because we feel that a false-negative finding (that is, a patient who passes the BOT but suffers a stroke following ICA occlusion) is more harmful than a false-positive finding (that is, a patient who fails the BOT but may have tolerated ICA occlusion).
Statistical Analysis
Data are reported as means Ϯ SDs. The patients were grouped according to whether they failed the BOT procedure or passed and subsequently underwent permanent occlusion of the ICA. Comparisons between groups were performed using unpaired t-tests. Comparisons between baseline and the BOT simulation constructed by the computer model were performed using paired t-tests. If the data did not fit the requirements for a parametric analysis, nonparametric tests (Wilcoxon signed-rank test) were performed.
Results
Patient demographics are shown in Table 1 . There were more female than male patients in the study (13 women and three men). Although only female patients failed the BOT, there was no significant difference between sex and outcome following the BOT. There was no statistically significant difference in age, hemisphere, or MABP between the patients who passed the BOT and those who failed the test.
For each patient, DS angiography and phase-contrast MR angiography studies were acquired before the BOT to deter-mine the sizes of the vessels and the mean flow rates at the primary inlet vessels in the sector model. The sizes of major cerebral arteries and the mean flow rates in 11 arteries are shown in Table 2 . These measurements, data known on stenosis and the aneurysm if any, and the location of the BOT constituted the data given to the computer flow simulation program. Generic values for vessel sizes and flows were used in the simulation if no measurements were available for the patient.
Before the BOT, blood flows in the MCA (M 1 segment), ACA (A 3 segment), and PCA (P 2 segment flows), which were determined using flow modeling, did not differ between hemispheres ipsilateral and contralateral to the aneurysm and did not differ between patients who subsequently passed or failed the BOT (Tables 3-5 ). The BOT simulation obtained using the computer model showed less than a 7% decrease in M 1 flow in the contralateral hemisphere in both outcome groups (Table 3 ). In patients who passed the BOT, the predicted ipsilateral flows decreased 9 Ϯ 6%, 12 Ϯ 40%, and 17 Ϯ 21% in the M 1 , A 3 , and P 2 segments, respectively. In patients who failed the BOT, the predicted flows decreased 41 Ϯ 27%, 56 Ϯ 33%, and 4 Ϯ 13% in the M 1 , A 3 , and P 2 segments, respectively. The difference in ipsilateral flows between the groups of patients who passed and failed the BOT were significant for both the M 1 and A 3 segments. Within the group of patients who failed the BOT, flow changes between the ipsilateral and contralateral hemispheres were significant for both the M 1 and A 3 segments. The difference between baseline and BOT flows was significant in the ipsilateral hemisphere in both groups except for the ipsilateral P 2 segment in the group of patients who failed the BOT.
To assess the ability of the sector computer model to predict flows in the cerebral circulation, all baseline phase-contrast MR angiography-determined flows for the 16 patients in this study were compared with corresponding sector model flows (Fig. 3) . A permanent balloon occlusion of the ICA was performed in five of the 10 patients who passed the BOT. The follow-up phase-contrast MR angiographydetermined flows for the five patients who had permanent balloon occlusion were also compared with the corresponding computer model predictions and the results are shown in Fig. 4 . The patient in Case 8, who passed the BOT, experienced ischemia ipsilateral to the occlusion and died several days after permanent occlusion. This case will be described in the following section. The other four patients who underwent permanent ICA occlusion obtained good outcomes, with no incidences of ischemia.
Because of the preliminary nature of this pilot study and because some of the protocols were developed as the study progressed, the complete set of 11 MR angiography flow data, necessary to determine the terminal resistance in the seven sectors of the model, were not obtained for all patients ( Table 2 ). Whenever this situation occurred, the flow value from the original generic model was substituted in the development of the sector model. If the total complement of phase-contrast MR angiography-determined flows had been attained, comparisons between 176 pairs of flows could have been made at baseline. It turned out that only 150 such pairs were available (Fig. 3) . For similar reasons, in the follow-up studies of the patients who underwent permanent occlusion, 55 pairs should have been available if all flow data had been determined; unfortunately, only 32 pairs are available for comparison (Fig. 4) .
Illustrative Cases
To show the ability of the computer sector model, enhanced by phase-contrast MR angiography, in the analysis of individual BOT cases, we present and discuss a typical case of a patient who passed the BOT, a typical case of a 
193 Ϯ 59* * Seven to 10 measurements were available from a maximum of 16; generic values for vessel flows were used for simulation if no measurement was available for the specified artery. Values are expressed as means Ϯ SDs. Abbreviations: ECA = external CA; --= no flow rates were available. patient who failed the BOT, and the case of a patient who passed the BOT, but had an unexpected clinical outcome. ICA for use as a safety balloon ( Fig. 5E and F) . Phase-contrast MR angiography studies were performed before the BOT and after permanent occlusion of the ICA. Blood flows measured using these studies at both baseline and following permanent balloon occlusion were compared with flows predicted by a corresponding sector model. The results are shown in Fig. 6 (panels A and B, respectively).
Case 15: Failed BOT
This 57-year-old woman had multiple aneurysms including a giant aneurysm at the left superior hypophyseal artery. There was a focal stenosis measuring approximately 50% in the left ICA bulb (Fig. 7A) . The patient tolerated the BOT until the hypotensive challenge was given (Fig. 7B) . At a mean pressure of approximately 75 to 80 mm Hg, the patient became hemiparetic and aphasic. The SPECT study performed after temporary balloon occlusion revealed a massive difference in blood flow between the two hemispheres, with significant decreased relative blood flow in the left hemisphere, which involved the frontoparietal occipital and temporal lobes ( Fig. 7C and 7D ). The hypoperfusion involved the left basal ganglion as well. A phasecontrast MR angiography study was performed before the BOT. A comparison between flows shown on the phasecontrast MR angiograms and computer calculated flows at baseline is shown in Fig. 8A . Figure 8B demonstrates the changes in flow between baseline and the BOT by using computer modeling. This demonstrates the modeling-predicted decreases of 41% in the ipsilateral MCA and 70% in the ipsilateral ACA territory.
Case 8: Passed BOT but had an Unexpected Clinical Outcome
This 44-year-old woman, who had an 8-year history of systemic lupus erythematosus, presented to her primary physician with left eye pain and headaches. A four-vessel cerebral angiogram revealed a 6-mm-diameter left CAOphA aneurysm with a wide neck and a left MCA aneurysm measuring 7 mm in diameter ( Fig. 9A and B, respectively). There was a left persistent TA that extended from the left cervical CA to the tip of the BA (Fig. 9A) . The right PCA filled from the BA. The left PCA was fetal and only received blood from the left PCoA (Fig. 9B) . The right ICA and its branches had normal flow with patent ACoA. There was no PCoA on the right side. The right and left VAs were normal.
We planned to place coils in the CA-OphA, but kept permanent occlusion of the left ICA as an alternate choice in case coil embolism was difficult. A BOT was performed on the left ICA above the take-off of the TA. The patient clin- ically passed the test with no change in the SPECT scan ( Fig. 9C and D) . The right ICA angiogram obtained during occlusion of the left ICA demonstrated symmetrical filling of both hemispheres through a wide patent ACoA ( Fig. 9E  and F ). An attempt to place coils in the CA-OphA aneurysm failed because of its wide neck and it was believed that, because the patient had passed the BOT, it would be safe to occlude the left ICA in the horizontal portion of the siphon above the take-off of the TA. The patient tolerated the procedure well. A postocclusion angiogram demonstrated that the right ICA was filling both anterior hemispheres and the left PCA ( Fig. 9E and F) .
Forty-eight hours after the procedure, the administration of heparin was discontinued and the patient was placed on a regimen of aspirin. She did well and was ready to go home the next day when she began to experience a right hand drift. Repeated angiography did not reveal any evidence of embolic complications and demonstrated that the balloon was still in place ( Fig. 10A and B) , although there was a new slight asymmetry of flow, with a decrease to the left hemisphere. A CT scan of the patient's head initially demonstrated a hypodense site in the left occipital region; 24 hours later a repeated CT scan revealed a massive left hemispheric infarction (Fig. 10C and D, respectively) . The patient experienced brain herniation and brain death was declared 24 hours later.
The phase-contrast MR angiography-determined flows at baseline in this patient are compared with corresponding sector model flows in the correlation plot shown in Fig.  11A . The flow changes between baseline and the BOT with simulation are shown in a bar graph in Fig. 11B . Computer simulation studies showed the change in flow rates when the left ICA was occluded (Table 6 ). Of significance are the substantially low flows in the left hemisphere.
Discussion
The purpose of this paper was to demonstrate the efficacy of a novel simulation technique, the sector model, in the patient-specific prediction of clinical outcomes accompanying endovascular vessel occlusion. Phase-contrast MR angiography measurements of flow and BOT predictions made using CBF modeling are closely related to the clinical outcome of BOT with a hypotensive challenge. In the six pa- tients who failed the clinical BOT, greater than 20% decreases in both M 1 and A 3 flow were demonstrated by the predicted BOT. In the 10 patients who passed the clinical test, a mean decrease of less than 17% in MCA, ACA, and PCA flow was demonstrated during the predicted BOT and no difference was apparent when compared with the contralateral side. Although baseline flows provide no indication of subsequent ischemia during the BOT, regional brain hemodynamics and the collateral circulation in the circle of Willis provide key information as to how well perfusion will be maintained in tissue ipsilateral to the ICA occlusion. Our results are consistent with previous reports that critical MCA flow decreases during the BOT can be used to identify patients who will experience ischemia with permanent occlusion. 11, 15 The comparison between the flows measured by phasecontrast MR angiography and the corresponding predictions of flow from the sector model baseline and BOT simulations for a patient who passed the BOT is shown in Fig.  6 . The data points lie extremely close to the trend line for both baseline and BOT, and the correlation coefficients of 0.86 and 0.98 and the probability values of less than 0.0001 show that the sector model accurately predicts the flow. In Case 2 in which the patient failed the test, no post-BOT phase-contrast MR angiography flow data were available to compare with the simulation results. Therefore, only the predicted and measured baseline data could be compared using the correlation plot (Fig. 8B) . A good correlation was seen for this situation. When sector model simulations for baseline and BOT flows were compared using bar graphs (Fig. 8B) , the left ICA had been occluded and there was significant drop in left-sided flows, with 41 and 70% decreases in left MCA and ACA flow, respectively.
We believe that Case 8 shows the importance of performing flow modeling in patients who undergo the BOT. An analysis of the postocclusion angiogram showed that the right PCA was filled from the BA system, whereas the left PCA was filled from its fetal origin via the right ICA ( Fig.  9E and F) . When the left ICA was occluded, the blood supply to the left PCA was compromised because blood was drawn via the patent ACoA to supply the left MCA and the left ACA. The right PCA was not affected because it still had a blood supply from the TA and the VA. The left ACA was small in diameter compared with the left MCA; therefore, this ACA had a higher resistance and also marginal flow because it fed the low resistance system provided by the left MCA. Intuitively, we can surmise that by occluding the left ICA, the left hemisphere would be in danger of hypoperfusion: first the PCA, then the ACA, and, finally, the MCA. These predictions were quantified by the computer model. It showed that flow in the left P 2 , A 3 , and M 1 segments had decreased by 71, 79, and 11%, respectively. On the right side there was a 1% decrease for the M 1 segment and a 93% increase for the A 3 segment. There was a 75% increase in the flow of the right P 2 segment because that blood supply came exclusively from the persistent TA via the left ICA and the BA. As Fig. 10C and D scan of the brain obtained on the 2nd day of postocclusion indicated that on the left side there was a hypodense area in the PCA initially; the following day, it had extended to the ACA and MCA. This situation is consistent with the dramatic changes in flows noted in the simulation studies. We believe that low flow led to hypoperfusion and infarction in the PCA territory; low flow also is likely to have predisposed the patient to in situ vessel thrombosis with extension into the other affected territories when she was weaned from anticoagulation therapy 2 days after permanent occlusion. This patient passed the BOT with no indication of neurological deficit during the BOT with and without induced hypotension. This result probably occurred because blood flow was adequately maintained in the MCA region, which is primarily evaluated in clinical testing. This result shows that modeling of cerebral circulation changes not only can consistently determine which patients will fail the BOT, but also which ones may pass the BOT but are at risk for ischemia in regions outside the MCA territory.
Permanent occlusion of the ICA has been successfully used to treat inoperable intracranial aneurysms. 10 Nevertheless, a 30% rate of ischemia or higher in patients in whom the ICA has been ligated indicates that the complications of this procedure are unacceptable. 24 Studies in which cerebral perfusion has been evaluated during ligation of the ICA have shown that there was a 25% or greater decrease in blood flow during ICA ligation in patients with signs of ischemia, whereas in patients without ischemia blood flow decreased less than 25%. 13 Studies in which this criterion was applied before permanent ligation have shown that the incidence of ischemia was reduced to 7%, with a rejection rate of 39%. 19 These previous results are consistent with those in our study. We found that 38% of patients undergo-
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Prediction model of balloon test occlusion ing the BOT with the hypotensive challenge were rejected for permanent occlusion. Patients who passed the BOT and underwent permanent ICA occlusion had a 10% incidence of poor outcome. Finally, phase-contrast MR angiography measurement of flow and modeling of the BOT predicted a greater than 20% decrease in patients who failed the BOT. This result confirms that some patients are unable to provide adequate collateral flow ipsilateral to ICA occlusion, and that this inadequacy can be determined noninvasively.
Using an intracarotid injection of xenon-133, investigators have reported that unilateral ICA ligation was safe when the CBF exceeded 40 ml/100 ml/min during temporary occlusion. 13 If the CBF was less than 40 ml/100 ml/min but greater than 20 ml/100 ml/min, a decrease in flow less than 25% compared with baseline was deemed safe during the BOT. Using these criteria the rejection rate was 27%. Using Xe-CT methods to measure CBF, Witt, et al., 31 found that 39% of patients were considered to be at high risk because of decreases in CBF of 20 to 30 ml/100 ml/min during the BOT. They suggested that the criteria of quantitative decreases in CBF and asymmetry of flow during the BOT were sensitive in identifying potential ischemic patients. Marshall, et al., 21 reported that deterioration of cerebral function tests occurred with blood flow measured by 133 Xe washout fell below 30 ml/100 ml/min. Decreases in flow during the BOT are correlated with simultaneous decreases in MCA velocity measured by transcranial Doppler ultrasonography and these decreases are indicative of ischemia when they are greater than 30%. 11, 16 Investigators indicate that flow asymmetry and decreases in CBF below 30 ml/ 100 ml/min are reliable criteria for detecting a patient in whom ischemia will develop during the BOT. 21, 31 Our results indicate that critical decreases in CBF can be predicted by modeling each patient's cerebral vasculature.
Although SPECT scans have been used to identify asymmetrical perfusion deficits during the BOT, patients with symmetrical cerebral perfusion still experience ischemic complications. 10, 22, 28, 30, 31 An inability to identify perfusion deficits during the BOT in patients in whom ischemia develops has led to the use of provocative hypotension with SPECT. 30 During the BOT with induced hypotension (Ϫ50 mm Hg), PET measures of CBF decreased more than 20% in all patients, without clinical symptoms of ischemia. 31 In these cases, maintenance of cerebral function is produced by increasing the O 2 extraction fraction. 9 In our study there were three patients who failed the BOT due to SPECT-determined asymmetry of flow, which was found during the BOT with induced hypotension. This asymmetry supported the asymmetrical decreases in MCA and ACA flow we identified using phase-contrast MR angiography and brain flow modeling of the BOT.
Stump pressure may also provide an index for adequate perfusion during the BOT. There was a 33% decrease in ICA pressure in patients in whom there was no change in neurological function during the BOT and symmetrical CBF measured by SPECT scanning. 23 In contrast, stump pressure decreased by 50 and 56%, respectively, in patients with asymmetrical CBF and deteriorating neurological symptoms. Clearly, there is a relationship between the decrease in ICA pressure during the BOT and symptoms of ischemia; however, 133 Xe studies have demonstrated there is not a close relationship between stump pressure and CBF during ICA occlusion. 19 This result may be related to the fact that stump pressure can increase after the BOT because of the collateral circulation. 2, 25 Our study is unique because we were able to identify patients with adequate collateral circulation without ICA occlusion.
An overall analysis of our results indicated that a decrease in both ipsilateral M 1 and ipsilateral A 3 flow greater than 20% calculated by flow modeling with simulated vessel occlusion was 100% sensitive and 100% specific in identifying patients who failed the BOT. In conclusion, therefore, the results of this study show that brain blood flow modeling, enhanced by phase-contrast MR angiography, is highly predictive of patients who will fail the BOT. In all six patients who failed the BOT, there were asymmetrical decreases in MCA and ACA flow greater than 20% ipsilateral to the ICA occlusion. In the 10 patients who passed the BOT no significant asymmetry in modeled MCA and ACA flow changes were apparent during the BOT. In this pilot study, the ability of blood flow modeling to predict collateral circulation and ipsilateral MCA and ACA flow during ICA occlusion can identify patients in whom a BOT should not be performed.
Further validation of the sector model in the context of a multicenter study is necessary before it can be recommended as a viable alternative to the BOT. The sector model may hold future promise as a valuable tool in predicting the consequences of a variety of both endovascular and surgical interventions in the cerebral circulation, including angioplasty, extracranial-intracranial bypass, and carotid endarterectomy.
Appendix
Modeling of the cerebral circulation can simulate pressures and flows at any desired section in an arterial network for both normal and disease situations in the cerebral arterial network. Flow distributions and redistributions, caused by disease or surgical interventions, are greatly influenced by the resistance pattern in the terminal vessels. In the past, generic models were used based on the individual patient's vessel sizes obtained from DS angiography and a generic terminal resistance pattern. The advent of phase-contrast MR angiography allows measurement of flow in an artery feeding a specific cerebral bed or sector and makes it possible to develop a reasonably close patient-specific estimate of the corresponding resistance of that sector. To this end, the original vessel configuration in the computer program 7 has been modified so that all the efferents to a cerebral sector are melded into one terminal efferent vessel. A measured input flow to that sector is then used to determine its resistance. Seven such sectors have been identified in the cerebral macrovasculature. To satisfy simultaneously the input flow-terminal resistance relations for all seven sectors, an iterative algorithm was developed. By combining the sector concept with phase-contrast MR angiography and DS angiography, enhanced simulations of normal, diseased, and surgeon-modified cerebral configurations are being produced and are pointing the way for a significant upgrade in the clinical application of simulation procedures.
Basic Model
The behavior of the cerebral arterial network, with its pulsatile flow occurring in compliant arteries, is mimicked using a computer algorithm for unsteady flow in a network of elastic vessels. The primary vessels of the cerebral macrovasculature are included in the network along with a skeleton of vessels to represent the systemic vasculature (Fig. 1A) . It was deemed necessary to include the aorta and subclavian arteries in the simulation because these arteries are the staging vessels in which important hemodynamic decisions are initiated (based on downstream blockage and resistance distributions) as to the delivery of blood into the CAs and VAs and the ultimate distribution of blood in the anterior and posterior sections of the cerebral circulation via the circle of Willis.
The numerical algorithm that is used to generate the pressures and flows at all locations within the vessel network and at all times during the heart pulse period is a one-dimensional, staggered, explicit finite-difference scheme 17 based on a conservation of mass relation to calculate the pressures and a Navier-Stokes momentum equation to calculate the flows. The compliance of the vessels is taken to be inversely proportional to the pressure as given by a logarithmic relation. 27 Not all or even most of the arteries in the cerebral circulation can be included in the model. Some judicious choice must be made as to where to terminate the vessel system. The terminal boundary condition imposed on all efferents of the chosen network is, therefore, most crucial to the flow distributions predicted by the model and is the main thrust of this paper. A lumped parameter resistancecapacitance-resistance combination was used, in which the upstream resistance was set equal to the characteristic impedance of the efferent 7 to absorb and reduce the reflections off the termini. The forcing function for the model is imposed at the root of the ascending aorta and is in the form of a normal pressure-time diagram. Initial conditions required to start the numerical process set all nodal pressures equal to the venous pressure and all nodal flows equal to zero. Approximately 10 pulse periods of calculations are required to bring the pressures and flows into steady-state pulsatility. Computation time for a typical run on a 1-GHz personal computer is approximately 1 minute.
Sector Model
To limit the duration of MR imaging and the number of flows to be determined for the patient, a sector model of the cerebral circulation was devised in which all of the terminal vessels in any sector were melded into one terminal vessel. Seven such sectors are shown in Fig. 1B , along with the primary and secondary flow inlets and/or outlets as well as the terminal efferent for each sector. To determine this one terminal resistance, it is necessary to be able to define the flow into and/or out of the sector.
This requirement takes different forms for different sectors. For instance, for the left middle cerebral sector, there are three possible flow inlets (the main middle cerebral vessel [the M 1 segment] and two small secondary anastomoses) and one terminal resistance efferent. This single efferent takes the place of four efferents used in the generic model (Fig. 1A) and has been formed by melding together these original efferents. The secondary anastomoses are not present in all cases and, when present, it is difficult to measure their flows. Therefore, the M 1 flow represents the primary input to this sector and its mean flow value over a pulse period is required via phase-contrast MR angiography. The secondary flows are accounted for in the simulation by means of their current calculated values as described later. In the basilar sector, there are five possible flow inlets (the downstream segment of the BA itself, the two PCoAs, and two small collateral vessels) and one terminal efferent (resulting from the melding of the two PCAs and two superior cerebellar arteries). The BA flow is the primary input to this sector and must be determined using phase-contrast MR angiography. The other four secondary vessels can be either inflow and/or outflow vessels, depending on the overall resistance balance in the system. Again, the four secondary contributions are accounted for in the simulation by using their current calculated values.
A Sector-Adjustor is used to determine the sector resistances (resistance-capacitance-resistance) based on the DS angiograms and measured phase-contrast MR angiography flows obtained in the patient. This Sector-Adjustor is the iterative algorithm that is described in detail in the following paragraph. The Sector-Simulator is used to calculate both the baseline and BOT results. In the BOT simulation in which the Sector-Simulator was used, appropriate modifications in the system configuration were made and the computer program was rerun (the resistance pattern was assumed to be invariant compared with the baseline), calculating flow changes within the various sectors in both hemispheres. The Sector-Simulator is essentially a combination of the sector configuration and the basic finite-difference algorithm that is described in detail in the article by Kufahl and Clark. 17 To start the computations for the sector model, the assumption is made that the flow (QGOALs) in the terminal efferent for the sector is the same as the flow measured by phase-contrast MR angiography in the primary input flow vessel, ignoring, for this first set of calculations, other secondary inflows or outflows. A plausible initial set of terminal resistances is concocted (for example, from a steady-flow simulation). After each period of calculation, the program adjusts the resistance for each sector terminal efferent by multiplying its current resistance by the ratio of the current calculated terminal flow to the phase-contrast MR angiography flow for that terminal. Such a procedure would correctly adjust any one terminal flow but, because all the other terminal resistances are adjusted concurrently, errors are introduced and many adjustments are needed in subsequent periods. This process continues for up to a user-specified number of periods of calculations (period_max). A check is made at the end of each period to see if the goals have been achieved. If all seven sector flow goals are achieved within the period limit, the program proceeds to the next step described in the next paragraph. If they are not met after the maximum number of periods, the program cycles through more period_max sets until closure is reached. For each new cycle, the program uses the current set of efferent resistances and the original initial conditions of zero flow and venous pressure to start the computations. Closure is declared when all calculated terminal flows are within a predetermined percentage of their measured phase-contrast MR angiography flows. In this paper, the value of 5% was used.
The next step in the procedure is the adjustment of the flow goals (QGOALs) to account for the secondary inflows and/or outflows that have been continually updated in the foregoing process. Therefore, the flow in the terminal efferent is set equal to the primary phasecontrast MR angiography flow adjusted for the flows in the secondary inlets and/or outlets. For the left middle cerebral sector, this process requires adjusting the M 1 flow for the inflow or outflow contributions of the two secondary anastomoses. For the BA sector, the contributions of the PCoAs and the two secondary anastomoses must be considered with regard to the direction of flow. These adjustments are made only at the beginning of a period_max run, which can be cut short if all sector flow goals are met. When a user-specified number of adjustments has been made, the program ends.
The sector model can be applied to a variety of both endovascular and surgical interventions in the cerebral circulation such as angioplasty, extracranial-intracranial bypass, or carotid endarterectomy. It can also be used in similar studies in the coronary circulation, lower extremities, or the hepatic circulation. Large populations of patients must be included in these studies before the model is ready for clinical use. Current work is underway to obtain these validation data. Many improvements are envisioned for future models: the forcing function can be made more patient-specific; the systemic portions of the model can be made into sectors and governed by measurements made on phase-contrast MR angiography; more sectors can be defined and the model specificity increased if refinements in these measurements can be developed; and the autoregulatory aspects of the cerebral arterioles can be added to the simulation.
